The behaviour of complex molecules, such as nanoparticles, polymers, and proteins, at liquid interfaces is of increasing importance in a number of areas of science and technology. It has long been recognised that solid particles adhere to liquid interfaces, which provides a convenient method for the preparation of nanoparticle structures or to modify interfacial properties. The adhesion of proteins at liquid interfaces is important in many biological processes and in a number of materials applications of biomolecules. While the reduced dimensions of these particles make experimental investigation challenging, molecular simulations provide a natural means for the study of these systems. In this paper I will give an overview of some recent work using molecular simulation to investigate the behaviour of complex molecules at liquid interfaces, focusing on the relationship between interfacial adsorption and molecular structure, and outline some avenues for future research.
Introduction
Dating back to the ancient Greeks the interface between immiscible fluids, in particular between oil and water, has been of both scientific and practical interest [1] . As the two liquid components can have radically different properties, the behaviour of molecules in an interfacial environment can differ from bulk solution. For example, molecular recognition driven by hydrogen bonding can be orders of magnitude stronger at the air-water interface than in solution [2, 3] , which may be exploited in the formation of ordered materials [4] or the operation of molecular machines at the air-water interface [5] . When additional species are added to the system, these may accumulate at the interface; this is exemplified by amphiphilic surfactants, the adsorption of which to interfaces can be used to modify interfacial properties, such as surface tension. This adsorption of molecules also allows the interfaces to be used as platforms for chemical synthesis [6] and formation of nanoparticles [7] . It has long been recognised that liquid interfaces potentially provide elegant and convenient templates for the construction of dense and ordered structures. While the adsorption and self-assembly of small surfactant molecules have attracted attention over many years, recently the adsorption of larger and more complex molecules, such as nanoparticles, polymers, and proteins, and other biomolecules has attracted attention.
For over 100 years it has been known that solid particles can adhere to interfaces between immiscible liquids [8] . This has been exploited in the formation of two-dimensional colloidal crystals [9] or in the use of colloidal particles to stabilise structures formed through phase separation of immiscible liquids, such as the so-called Pickering emulsions [8] and bijels [10] (particle-stabilised gels). More recently attention has turned to nanometre-sized particles [11, 12] . The adsorption of nanoparticles onto liquid interfaces has been used by a number of groups to create dense nanoparticle monolayers [13] and to create nanoparticle stabilised emulsions (colloidosomes) [14] . Adsorption of metallic or semiconducting nanoparticles at electrified interfaces has the potential to create novel electrooptical devices [15] , such as nanoplasmonic sensors or nanoparticle mirrors.
The adsorption of polymers to liquid interfaces has also been used to create highly ordered structures, for both simple and more complex polymer architectures. In particular dendrimers, polymers with a branched, tree-like structure have been shown to self-assemble at liquid interfaces [16] , creating highly ordered thin films with applications in organic electronics. The self-assembled structures can also be controlled 2 Advances in Chemistry through changes to the solvent phases. In recent work Richmond and coworkers have shown that polyelectrolytes may self-assemble at oil-water interfaces and that the structures formed may be controlled through changes to the pH [17, 18] or the addition of ions [19] to the water subphase. In particular, for polyacrylic acid, desorption from the interface can be triggered by increasing the pH of the water phase above 4.5 [17] , demonstrating the potential for the control of polymer structures at oil-water interfaces.
As well as synthetic molecules, proteins and other biomolecules may adsorb onto liquid interfaces. While in most biological contexts protein adsorption at interfaces is avoided, due to the denaturing effect of the interface, for a number of proteins the interface is their native environment [20] and they fulfil a number of biological functions, including acting as surfactants, catalysis, and immune response. The behaviour of proteins at interfaces is also of interest for many industrial and technological applications. Many foods [21] , such as ice cream, mayonnaise, and confectionary products, are emulsions or foams and a large number of proteins are being used as stabilisers for these disperse systems. It has also been shown that oil-water interfaces may be used to prepare highly ordered protein crystals [22] .
Despite this intense interest there are still a number of open questions regarding the behaviour of complex molecules, both synthetic and biological, at liquid interfaces. These include the following.
(1) How do complex molecules interact with liquid interfaces?
As the adsorption of molecules, either individually or in larger aggregates, is the initial step in interfacial self-assembly, understanding how these molecules interact with the interface is vital. In addition to giving information regarding the adsorption strength (hence thermodynamic stability), the presence of a barrier to adsorption can lead to reduction in the rate of adsorption of molecules at interfaces.
(2) How do complex molecules assemble at interfaces?
While the formation of dense nanoparticle structures on liquid interfaces has been demonstrated, the controlled formation of more complex structures is still a matter of much investigation. The confinement of molecules to two dimensions can change the structures formed (compared to a fully threedimensional system) and the different properties of the two liquid components can have a strong influence on the interaction between molecules confined to the interface between them. In particular capillary interactions (interactions mediated by the interface) can themselves be affected by pinning of the contact line to the particles [23] .
(3) How does adsorption at interfaces affect the dynamics of complex molecules?
Due to the high adsorption strengths at liquid interfaces the motion of adsorbed molecules becomes essentially two-dimensional, leading to transport of properties that can be quite different to bulk solution. This can be particularly complex when the different fluid phases have significantly different viscosities, for instance, when one of the components is a polymer solution or melt.
(4) What conformations do complex molecules adopt at liquid interfaces?
For molecules that possess internal degrees of freedom, such as polymers and proteins, adsorption onto liquid interfaces can alter the molecular conformation. Due to the close relation between their structure and function this is particularly important for proteins, with adsorption on interfaces typically (though not always) associated with a decrease or loss of functionality.
Many of these questions remain unresolved due to the difficulty of studying interfacial systems experimentally; by definition these systems have multiple components, which can be complex to prepare and make separating generic effects from those specific to certain systems difficult, and the properties of interfacial systems can change over length scales as small as Angstroms, which requires a level of spatial resolution that is hard to achieve experimentally. By contrast molecular simulation operates directly on the molecular level, giving a high level of spatial resolution, and simulations can be performed on simple model systems, allowing for the systematic study of effects of, for example, size of colloidal particle or length of polymer chain in a controlled manner. In this paper I will outline some of my recent work, which has focused using molecular simulation on investigating complex molecules at liquid interfaces, typically focusing on the underlying statistical mechanics of adsorption and on how this can be related to molecular structure and properties. This paper is not designed to be a comprehensive overview of the behaviour of complex molecules at interfaces, rather a short personal account of some recent work and future challenges. The interested reader may find more detailed accounts in a number of excellent review articles (e.g., [28] [29] [30] [31] ).
Nanoparticles
As outlined in the introduction, it has long been known that solid particles can adhere to liquid interfaces. For colloidal particles ( ∼ ) the adsorption strength has been rationalised through changes to the liquid-liquid and particle-liquid surface areas and the adsorption free energy may be written in terms of macroscopic surface tensions as [9] = − 12 12 
where is the surface tension between components and (where , are liquid 1, liquid 2, or colloid/nanoparticle ), 12 is the change in surface area between the liquid components, and is the surface area of the particle exposed to liquid component (illustrated in Figure 1 ). Using typical values of the surface tension this predicts that the Advances in Chemistry adsorption energy of a micron sized colloidal particle is of the order 10
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, explaining the essentially irreversible adsorption of colloidal particles, the formation of colloidal arrays at liquid interfaces, and the using of colloids as emulsion stabilisers (Pickering emulsions). Later, this was generalised by Aveyard and Clint [32] to include the effect of line tension. Negative line tensions were found to increase the particle stability, whereas positive line tension decreased it. For large enough positive line tensions it is possible for this to lead to complete destabilisation of the particle from the interface.
The first attempts to test the applicability of these macroscopic theories to nanoparticles were performed by Bresme and Quirke [33] [34] [35] . They found that, under the assumption that particle-liquid surface tensions and line tension depend on particle size, Young's equation
could be used to predict the contact angle for nanoparticles at liquid interfaces. While this tells us about the stability of particles at interfaces, they gave no information on the form of the particle-interface interaction. In some of my recent work, I used molecular simulations to calculate the nanoparticleinterface interaction for a number of simple, model systems. Initially this studied the Widom-Rowlinson mixture [24] (a limiting case of the nonadditive hard sphere mixture):
where is the Kronecker delta function and HS ( , ) is the hard sphere potential. Monte Carlo simulations, using Wang-Landau sampling [36, 37] , were used to calculate the nanoparticle-interface interaction. Comparison with the prediction of Pieranski theory [9] shows that this underestimates both the adsorption strength and the range of the interaction (Figure 2 (a)). While it is possible that the underestimation of the barrier is due to the neglect of line tension in Pieranski theory, simply adding this on would not change the interaction range. Rather this underestimation of interaction range arises due to the assumption of a flat, infinitely thin interface in the macroscopic theory (giving an interaction range strictly equal to the particle radius), whereas it is well known that fluctuations in the interface position, from thermal motion (capillary waves) and fluctuations in the bulk density, can lead to an interface that is rough and broad on a microscopic scale. From simulation snapshots it can be seen that these interface fluctuations give an interface width that is comparable in size to the studied nanoparticles and can lead to bridging between the nanoparticle and the interface (Figure 2(b) ). Similar results were also by Fan et al. in atomistic simulations of silica nanoparticles at waterdecane interface [38] . In comparison with the simulation results the continuum model also predicts a more rapid variation in the nanoparticle-interface interaction near the interface. It has been shown that inclusion of capillary waves into the continuum models may also lead to a softening in the interaction [23] .
In order to test how transferable these results were to other systems more recently I used molecular dynamics simulations (with umbrella sampling [39] ) to determine the nanoparticle-interface interaction for a nanoparticle at an interface in a binary Lennard-Jones mixture [25] . As for the Widom-Rowlinson mixture the nanoparticle-interface interaction is both longer ranged and stronger than predicted from macroscopic theories (Figure 3(a) ), indicating that this increased interaction range is a general feature of nanoparticles at interfaces. In this case as the particle size and interfacial tension increase, a maximum appears in the nanoparticleinterface interaction, indicating a slight (∼2 ) barrier to particle adsorption at the interface. Recent experimental work studying gold nanoparticles that the water-toluene interface has, for certain ligands, also found a similar barrier to interfacial adsorption [40] . It was suggested that the barrier in the experimental system arose due to rearrangement of ligands or to electrostatic interactions. In the simulations, however, these effects are absent and the free energy barrier to adsorption potentially arises due to deformation of the interface, which may be seen from simulation snapshots (Figure 3(b) ); for particles at the interface and in bulk solvent, the interface is approximately flat, whereas at intermediate separations the interface noticeably deforms due to the presence of the particles. It should also be noted that, in molecular dynamics simulations of surfactant functionalised nanoparticles by Udayana Ranatunga et al. [41] , no barrier to adsorption was seen, indicating that the presence of stabilising ligands is not a sufficient condition for an adsorption barrier.
As well as uniform nanoparticles, particles with anisotropy, in their surface structure and/or shape, have attracted attention. The behaviour of Janus particles, particles with hemispheres of differing functionality, at interface has attracted interest [42] ; as they can possess hydrophobic and hydrophilic faces, these can have enhanced stability over uniform particles. Based on macroscopic models, Binks and Fletcher [43] showed that the desorption energy of a Janus particle can be up to three times that of a uniform particle.
Using a modified version of the hard sphere system I investigated the stability of Janus nanoparticles at liquid interfaces [26] . In agreement with expectation, the Janus particles were more stable than uniform particles, with the stability increasing with the surface tension difference (Δ ) 4 Advances in Chemistry between the two faces (Figure 4(a) ). A similar increase in stability of Janus particles over uniform ones was seen by Fan et al. in the study of silica nanoparticles with varying numbers and locations of hydroxyl groups on the nanoparticle surface [38] and in recent work by Razavi et al. [44] . The stability of the most amphiphilic particle (with faces completely wet by the appropriate solvent), however, was substantially less than three times that of a uniform particle as predicted by Binks and Fletcher. Study of the particle motion showed that the particles possessed a considerable degree of orientational freedom (Figure 4(b) ), which was absent in the macroscopic model (in which the particle orientation was assumed to be fixed in the preferred orientation). By performing simulations with the particle orientation fixed in the ideal state, it was found that the particle stability was increased (Figure 4(c) ).
As well as the stability of nanoparticles at interfaces, their dynamics and transport properties have attracted interest. The motion of nanoparticles at interfaces is important in understanding their use as tracers in microrheology [45] . Using molecular dynamics simulations, I investigated the diffusion of small nanoparticles at fluid interfaces [46] . Due to the high adsorption energy, the motion of these particles was indeed two-dimensional. Once the two-dimensional confinement of the particles was accounted for, it was found that the particle diffusion was increased relative to bulk solution, which may be understood due to the lower effective viscosity of the interfacial region. The results of this work differed from those of Song et al. [47] , studying carbon nanoparticles at a water-PDMS interface. This difference may be due to the larger particles used in that work or the difference in viscosity between the water and polymer components in that work; the diffusion of particles on a fluid interface increases when the viscosity difference between the two fluid components is small [48] . The rotational motion of the particles was also probed and it was found that this differed little from bulk solution; understanding the rotational motion of the nanoparticles at interfaces is important both for their potential application as catalysts and in the synthesis of Janus nanoparticles.
Dendrimers
Since they were first synthesized, dendrimers [49] have attracted much interest with potential applications in areas including drug delivery [50] and organic electronics [51] . They possess a high degree of symmetry and through a variety of synthetic routes, it is possible to selectively functionalise the dendrimer end groups [52] . This allows the preparation of amphiphilic or Janus dendrimers, which have been shown to self-assemble into a range of structures in solution [53] . The large number of end groups (even for relatively low generation dendrimers) means that this selective functionalization can have a large effect of the interfacial properties of dendrimers. They have recently been shown to be effective components for interfacial materials, having a range of interesting self-assembly processes [16] . Poly(amino amide) (PAMAM) or poly(propylene imine) dendrimers have attracted particular attention having been shown to form a Langmuir-Blodgett monolayers at the surfaces or interfaces [54] .
Using atomistic simulations Nawaz and Carbone studied the behaviour of alkyl-modified PAMAM dendrimers at the air-water interface [55] . In comparison with the dendrimer in bulk water at the interface, it adopts an oblate structure (maximising the decrease in the air-water interfacial area), similar to that predicted for ligand-decorated nanoparticles. The stability of the dendrimer, measured through the number of dendrimer solvent hydrogen bonds, was found to be larger for dendrimers that were fully functionalized with alkyl chains compared to unfunctionalized and semifunctionalized dendrimers. This increase in stability arises due to the high degree of flexibility in these molecules, allowing the hydrophobic end groups to leave the water phase while the hydrophilic core remains in solution.
Following on from this I investigated the adsorption strength of a dendrimer at a model liquid-liquid interface [27] . On approaching the interface, the dendrimer was found to undergo a similar shape change as the atomistic dendrimers, roughly spherical in bulk, disk-shaped at the interface, and rod-like between these ( Figure 5(a) ). Even a uniform dendrimer was found to adsorb strongly to the interface, with an adsorption strengths ∼100-150 ( Figure 5(b) ). Comparison with nanoparticles showed that this conformational change leads to an increase in stability. Selective functionalization of the dendrimer was found to increase the stability of the dendrimer. As in the atomistic simulations, core-shell dendrimer was more stable at the interface ( Figure 5(c) ). However, the barrier to enter the favoured solvent for the interior beads was lower than that for the favoured solvent for the terminal beads, demonstrating the flexibility of dendrimer and considerable interaction between the dendrimer interior and the solvent. Simulations of Janus dendrimers (end groups with different solvent affinities) demonstrated that this increased the interfacial adsorption strength, as for Janus nanoparticles [26] ; this increase in adsorption strength depended on the placement of the end groups, with dendrimers with these end groups segregated adsorbing most strongly to the interface and dendrimers where these end groups alternate having lower adsorption strengths (dendrimers with randomly distributed end groups have an adsorption strength intermediate between these), demonstrating the importance of the placement of these groups for optimizing the interfacial behaviour of dendrimers ( Figure 5(d) ). 
Proteins
While proteins may be considered naturally amphiphilic, being composed of a mixture of hydrophobic and hydrophilic amino acids, due to its denaturing effect, adsorption of proteins at interfaces is typically detrimental to their function and in most cases is avoided. For a variety of proteins, however, adsorption at liquid interfaces is an intrinsic part of their function. While these surface-active proteins fulfil a number of functions, including catalysis [56] (lipases) and immune response [57] (lung surfactant proteins), the most common use is as protein surfactants (biosurfactants) [20] . As well as needing to lower surface tension, protein biosurfactants have additional design constraints, such as the desire to minimise aggregation in solution and avoid disruption to the cell membrane. The need to satisfy these somewhat contradictory properties has led to the evolution protein surfactants with a wide range of different structures.
One of the most notable examples of protein surfactants is hydrophobins [58] . These are a class of proteins expressed by certain species of filamentous fungi, which possess a distinctive surface structure. While the majority of the surface is hydrophilic, they typically have a patch of hydrophobic residues covering ∼20% of their surface. This amphiphilic structure, essentially making them naturally occurring Janus particles, makes them highly surface active, with them being amongst the most surface active proteins known. Beyond this common surface structure and a well-defined disulphide bond network, the hydrophobins form a diverse group of proteins and are commonly grouped into two classes, differentiated by their solubility and self-assembly at interfaces. As well as fulfilling a number of biological functions, such as formation of aerial structures or mediating fungal adhesion to hydrophobic surfaces, they are being investigated for a number of materials applications, such as foam and emulsion stabilisers [59, 60] or biocompatible coatings on drug particles [61] . While such applications, along with their unusual behaviour, have prompted a large number of experimental studies until recent years, simulation studies of hydrophobins have been rarer. Early simulations by Mark et al. examined the structure of SC3, a fibril forming (class-I) hydrophobin in bulk water and at water-hydrophobic interfaces [62, 63] .
While the adsorption of hydrophobins at oil-water interfaces may be qualitatively understood due to the anisotropic surface structure, it is useful to understand how the adsorption strength is controlled by their sequence and surface structure. Using coarse-grain molecular dynamics simulations, I investigated the adsorption strength of two common type-II hydrophobins (HFBII and HFBI) at the water-octane interface [64] . Unlike class-I hydrophobins, which often undergo significant conformational change at interfaces, class-II hydrophobins have rigid globular structures that remain largely unchanged (Figure 6(a) ). Both of these were found to adsorb strongly at the interface with adsorption strengths ∼100
(comparable to those for nanoparticles), indicating that these essentially adsorb irreversibly onto the interface (Figure 6(b) ). Comparison between these two showed that HFBII was slightly hydrophilic (the free energy barrier for desorption into the water component was slightly lower than going into octane), whereas HFBI was slightly hydrophobic. While this difference in behaviour is consistent with both the differing hydrophobic surface areas of these proteins and their different biological functions, it is notable that these proteins have both very similar structures and a large degree of sequence similarity. In order to go beyond this simple observational approach, I performed simulations of pseudo-HFBII proteins, where the interactions with the solvent beads were taken to be identical for all the protein beads. Three different cases were considered: the proteinsolvent interactions being uniformly hydrophilic, uniformly hydrophobic, and an average interaction, where the interaction strength between the protein and solvent beads was Advances in Chemistry 9 taken to be the average of the interaction strengths for the beads in the native protein (Figure 6(c) ). For the first two cases, the pseudo-HFBII was found to be completely destabilised from the interface, with the protein residing in either the water (uniformly hydrophilic) or the octane (uniformly hydrophobic) regions. In contrast, the average pseudo-HFBII was found to be surface active (with a free energy minimum at the interface) but unlike the native protein it is hydrophobic (the barrier to move into the octane region is lower than that for the water region). This can be understood as the hydrophobic patch contains many highly hydrophobic residues that, together with the hydrophobic residues in the core of protein, made the averaged interaction overall hydrophobic (simulations of a single bead from the average protein give an octane-water transfer free energy of ∼0.8 kcal mol −1 ). Comparison between the flexible proteins and proteins that are held rigid showed that even in the case of these rigid proteins structural flexibility can still play a significant role in their interfacial adsorption.
The use of a coarse-grain model in this previous work was justified due to the limited conformational change seen in class-II hydrophobins; it is less applicable to class-I hydrophobins that often undergo significant structural change at interfaces. As shown by Schulz et al. [65] this change in conformational behaviour can strongly influence the potential application of these proteins, specifically finding that EAS (a class-I hydrophobin) induced the formation of hydroxyapatite at water-hexane interface, whereas HFBII did not, which can be explained by the larger conformational change exhibited by EAS at the interface and in the presence of Ca 2+ and HPO 4 − ions. Simulation of EAS [66] using a multiscale model also showed that its conformational change is responsible for the aggregation of these proteins into fibrils, underlining the importance of accurately representing conformational change in these proteins. Going beyond hydrophobins, Euston has also compared atomistic and coarse-grain models for the simulation of proteins at fluid interfaces [67] , finding that CG models gave results similar to atomistic models, although the CG model used underestimated the penetration of the protein (Barley LTP) into the oil phase.
Outlook
As outlined above over the past few years, much of my work has been aimed at using molecular simulation to examine the behaviour of complex molecules at liquid interfaces, with a particular focus on understanding how the structure and properties of these molecules affect their adsorption strength. Together with work performed by other groups, this has dramatically improved our understanding of the adsorption of nanoparticles at interfaces, in particular on the breakdown of continuum approximations for nanoscale particles, the role of capillary waves, and other microscopic interface deformations on the behaviour of particles, and the effect of nanoparticle surface structure. This has already improved our understanding of the adsorption processes, with current work focusing on understanding the interactions between nanoparticles adsorbed on liquid interfaces and their selfassembly.
While my research to date has largely focused on simple systems, with even the hydrophobins being amongst the simplest possible proteins, there is increasing interest in the behaviour of more complex systems. With improvements to synthetic methodologies it is becoming possible to create nanoparticles [68] and polymers with increasingly complex structures. Notwithstanding recent controversy over stripy nanoparticles [69, 70] , it is becoming apparent that it is possible to create patterned surfaces with features on the nanometre length scale [71, 72] . These increasingly complex particles will exhibit interesting behaviour at interfaces, with potential applications that extend beyond simple emulsion stabilisers or as templates for the formation of nanostructured materials. For instance Crossley et al. have used structured nanoparticles as phase transfer catalysts for upgrading biofuels [73] , with this recently being extended to zeolite nanoparticles [74] .
Due to their lack of conformational change at interface, hydrophobins may be regarded as low-hanging fruit compared to other proteins. Understanding conformational change of proteins at oil-water interfaces is a challenging problem for both simulation and experiment. Tensiometry and rheological measurement give indirect insight into changes in the protein conformation [75] , neutron/X-ray reflectivity can give average protein sizes and thicknesses of adsorbed layers [76] , and circular dichroism and IR spectroscopy can give information about protein secondary structure [77] . Recently the development of synchrotron radiation circular dichroism (SRCD) spectroscopy [78] has allowed the quantitative determine of protein secondary structure at oil-water interfaces. This has been applied to a number of proteins at oil-water interfaces, showing that, in general, there is a tendency for the -helical content of proteins to decrease upon interfacial adsorption [30, 79] , although this is, by no means, a universal phenomenon. In contrast to experimental studies simulation may allow the direct visualisation of protein structure at oil-water interfaces. For many years, however, simulations were unable to access timescales necessary to study protein conformations at interfaces. With recent advances in GPU computing [80] , CG [81, 82] and hybrid [83] protein models and simulation methods, such as replica exchange [84] or metadynamics [85] , will in the coming years make this more feasible. While to date more simulations have focused on short peptides [86] or food proteins [87, 88] , these advances in computational power and methodologies will allow for the study of more complex proteins at interfaces, including proteins with complex functionality such as enzymes.
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